Introduction
The western coast of South America hosts abundant geothermal resources related to the Andean volcanic arc, which could provide a clean and sustainable energy source [1] [2] [3] . This energy source is also attractive because of its high capacity factor and economic characteristics (low variable costs) and that it can be used to power base load generation. Even though exploration campaigns started in the early 20th century, no geothermal power plant has been constructed in Chile yet [2] . The Chilean case is puzzling on initial inspection because electricity generation is largely dependent on imported fossil fuels and hydropower. Imported fuels are subject to global price fluctuations and hydropower is vulnerable to cyclic drought [4] . As a result, Chile has a non-diversified and insecure energy matrix with high price risk [5] . Moreover, Chile has some of the highest prices of electric energy in the region [5] and, over the last few years, social and environmental conflicts related to other types of energy projects have increased.
Renewable energy resources in Chile (geothermal, hydropower, solar, and wind) [5, 6] have tremendous potential and recent studies estimate an economically feasible geothermal resource of 3350 MW [2, 7] , i.e., representing 26% of the current total installed capacity of all resources (13,000 MW).
Other countries that have successfully developed geothermal resources often have had clear and direct policies designed to encourage geothermal development [8] [9] [10] . Emblematic examples of countries that have successfully exploited geothermal resources are New Zealand, the U.S.A., the Philippines and Iceland [9, 11] . Although each country has had its own history of geothermal development, there are some common policies, such as the government's active participation in the identification and discovery of commercially viable geothermal resources, which have helped to reduce financial risks for potential developers [9, 10] . In this sense, the International Energy Agency encourages governments to develop holistic geothermal policy frameworks which encompass economic considerations, regulation needs, market facilitation, and research and development support [5] . For the Chilean case, some published studies and institutional internal reports have identified and described some of the barriers of geothermal energy development [12] [13] [14] . However, most of these works offer partial, confidential, and generic data, and lack a systematic analysis of the information.
In order to present an integrated analysis of historical, political and technical aspects of geothermal development in Chile, we have reviewed, discussed and synthesized published studies.
We have also identified the main perceived advantages, barriers, and incentives (existing and potential) related to geothermal development, assessing their relevance and feasibility through a survey to propose guidelines for geothermal stakeholders. Furthermore, by using a simple economic model, we estimate the impact of some of the potential incentives on the levelized cost of geothermal energy. At the same time, we analyzed unpublished data providing information on the geological-geothermal Andean context, including current geothermal projects and the estimated cost to produce geothermal energy in Chile. In this way we aim to facilitate geothermal power development and contribute to the debate about renewable energy in Chile. Lessons learned from the Chilean case could be extended to other Andean and developing countries.
Geothermal energy
Geothermal energy is the energy contained as heat in the Earth's interior [15] . Along major tectonic plate boundaries where earthquakes and volcanoes are concentrated, heat flux is anomalously high, increasing the geothermal gradient above the average (30 1C/km of depth). High heat flux occurs along the volcanic arcs of convergent plate margins like the Andes, promoting the genesis, segregation, ascent and emplacement of magmas through the crust, expressed at the surface as active volcanoes [16] . In this geodynamic setting, the development of high enthalpy geothermal systems at shallow depths (o3 km) occurs [17] , often permitting the exploitation of these resources under economically feasible conditions. Natural geothermal systems ( Fig. 1 ) result from the interaction between [15, 16, 18] : (1) a heat source, such as a shallow ( o7 km) magma body cooling and releasing heat; (2) cold fluid recharge, such as groundwater and/or meteoric water (3) permeable pathways allowing fluid flow, such as fracture networks (4) hot fluids, composed of degassing magmas and recharge water that has flowed through hot rocks; (5) a geothermal reservoir, consisting of a permeable host rock where hot fluids can accumulate; and (6) an impermeable cap at top of the reservoir, consisting of clays generated in situ by hydrothermal alteration of the host rock. In areas where magmatic activity does not exist, the heat accumulation may be due to particular geological conditions of the crust such as radioactive decay producing an anomalously high geothermal gradient or regional extension resulting in shallow crust and high heat flow [17] .
Over many centuries, people have used geothermal water from hot springs for cooking, medicine and relaxing. For electricity generation, hot fluids from the geothermal reservoirs are extracted by deep wells, utilizing produced steam to power turbines in the power plants.
The main characteristics of geothermal resource use for electricity generation are: (1) renewable and sustainable electrical generation made possible by reservoir management techniques; (2) high capacity or plant factors (0.8-0.95) that ensure continuous base-load generation; (3) high initial costs and investment risks in preliminary exploration and development phases; (4) low operation costs and relatively low levelized costs of electricity (LCoE); (5) low greenhouse gas (GHG) emissions, limited environmental effects and minimal land use requirements with respect to conventional energy sources; (6) each geothermal system is unique and high-grade geothermal resources have restricted geographic distribution; (7) competitive costs are generally achieved with a favorable public policy framework; (8) exploration and exploitation of the resource use mature and well-understood technology; (9) power plants have modular designs and (10) mid-sized greenfield projects (50 MW) require c.a. 7-12 years for development. These are advantages or barriers, which vary in their influence depending on the geological-energetic framework. For reviews on geothermal technology [15] , the history of geothermal uses [19] , geothermal electricity projections [20] , direct uses [21] , costs of geothermal energy [22] and sustainability of geothermal resources [23] refer to specific references.
Historic analysis of geothermal exploration in Chile
Based on previous studies [2, [24] [25] [26] we present a synthesis of the main activities, achievements and challenges related to geothermal energy in Chile ( The history of geothermal energy in Chile started in 1908 in El Tatio, when the Italian colony of Antofagasta city (northern Chile) brought researchers from Larderello, Italy to carry out the first geothermal exploration program in the country. This revealed the enormous resources at El Tatio. However, the lack of economic support and technical issues (i.e. the blow out of the second well) halted exploration.
One of the most fruitful stages of geothermal exploration began at the end of the 1960s, when the Chilean State, with the assistance of the United Nations Development Programme and the Japan International Cooperation Agency, promoted research in the northernmost part of the country (171 to 24 1S) aiming to supply energy for the growing mining industry. A Committee for Geothermal Use was created and this effort resulted in the training of Chilean researchers, the detailed exploration of Puchuldiza [27] and El Tatio [28] , and the conclusion that a power generation plant was economically and technically feasible [24] . In 1978, the right to develop the El Tatio geothermal field was placed into an international bidding process, but this was unfortunately never completed because of abrupt policy changes following the change of government in that period. At the end of 1978 the systematic exploration of geothermal resources ceased and in 1983 the Chilean Committee for Geothermal Use was disbanded.
In 2000 the Chilean government enacted a Geothermal Law establishing a framework that permitted private and state-owned companies to develop geothermal projects [25, 29] . Since then geothermal energy exploration in Chile has been active again. Production-diameter deep exploration wells have confirmed abundant resources in the Tolhuaca and Apacheta geothermal fields, which are awaiting financing before proceeding with field development and power plant construction. In parallel, the research initiatives led by the Andean Geothermal Center of Excellence (CEGA) and the Chilean Geological Survey (SERNAGEOMIN) have contributed to increase geothermal knowledge. However there are still many barriers that hinder geothermal energy exploration and exploitation, which have delayed and inhibited projects in Chile.
Thus, historical analysis indicates that the sporadic progress of geothermal exploration in Chile has resulted primarily from the existence or absence of public policies.
Geology and exploration strategies for Andean and Chilean geothermal resources
Chilean continental territory extends along the axis and western margin of the Andes, which is a long-lived mountain belt with an active volcanic arc. The current state of the Andean orogeny is characterized by: (1) transpressional tectonics, promoting the development of regional fault systems, thus resulting in an enhanced permeability structure; (2) the volcanic arc, with more than 95 active volcanoes and hundreds of surface geothermal features, and; (3) differential erosion rates related to the extreme dry climate in the northern region and the extreme wet climate in the southern region (Fig. 2) .
From a geological point of view, Andean high enthalpy geothermal resources could exist where three main factors are simultaneously present: (1) active magmatic heat-source (implying volcanic activity from 1 Million years to present); (2) secondary permeability associated with recently active fault systems (active faults, non-sealed and penetrative fault-fracture networks); in particular, transtensional tectonic style enhances secondary permeability and promotes fluid convection [17, 30, 31] ; and (3) fluid recharge (groundwater and/or meteoric water). Based on these basic elements, Chile can be divided into the Northern, CentralSouthern Chile and Flat-Slab Geothermal Regions. Besides the particular geological conditions, each of these regions has specific social and technical issues (Fig. 2) . Therefore, exploration strategies should consider the following particular aspects:
Northern Chile geothermal region: focus exploration in or nearby Pleistocene (c.a. 0.8-0.2 Ma) volcanic systems, where young volcanism and active transtensional fracture and fault systems are present. Geochemical fluid analyses have to consider the presence of evaporites in the bedrock sequence and develop methodologies that could distinguish evaporitic from geothermal signals. The distance to the main electricity grid is critical for total cost calculation. High elevation needs to be considered for exploration and operational logistics. Flat slab geothermal region: scarce availability of information needs to be carefully analyzed, and many basic geologic and geothermal research works have to be done first. The lack of recent volcanic activity makes finding high enthalpy geothermal systems more challenging. Seismogenic-fault controlled geothermal systems have to be found first. Logistically, high elevation and severe climate conditions need to be considered. Central southern geothermal region: focus exploration in or nearby Pleistocene (c.a. 0.8-0.2 Ma) volcanic complexes and clusters, especially in areas where active transtensional tectonics take place, such as regional fault linked damage zones, tips or intersections. Extreme wet climate (high precipitation) implies that geochemical fluid analyses have to consider the provenance of waters and be careful of dilution of geothermal fluids by non-geothermal aquifers. Logistically, exploration phases have to be organized to avoid the wintertime, when extreme winter weather conditions make operations hazardous and costly. Road construction needs optimal and detailed designs for abrupt and irregular landscape. High investment focused in electrical generation.
The absence of a long term energy policy to guide the optimal decision of source and location for energy projects. Much of geological data is owned by private companies who are not keen to collaborate in research of 16,000 MWe [1] . More recent regional estimations considering only the already explored prospects obtain a more conservative potential resource estimate of 3350 MWe [2, 8] . Detailed estimations based on the most advanced geothermal projects range from 1000 MWe to 1950 MWe [2] , which should be considered as the minimum economically feasible potential estimate. The already proven potential is 30 MWe, measured during well tests of the three most advanced prospects (El Tatio, Pampa Apacheta, and Tolhuaca). In the context of scarce publically available data, the use of improved measurement and assessment techniques is needed to supply more accurate projections.
Currently geothermal exploration and development projects in Chile are very active, with 76 concessions granted for exploration and 6 concessions for exploitation by mid-2012. Most of the concession areas exhibit moderate to high temperature geothermal features. Current exploration activities include geological, geophysical and geochemical surveys, volcanological studies and also the drilling of deep wells to confirm the presence of a geothermal resource. Exploitation concessions involve the drilling of additional wells to delineate the extent of the geothermal resource. The main geothermal exploration projects are described in Table 2 .
Three of the exploitation concessions, El Tatio, Pampa Apacheta (Cerro Pabellón), and Tolhuaca, have progressed to the stage of having multiple successful exploration wells with confirmation flow tests, but none of these projects has progressed to the stage of power plant construction. The El Tatio project had an uncontrolled well discharge in 2009, and environmental concerns related to this incident have led to the suspension of geothermal development at this site [32] . The Tolhuaca concession was originally explored by Geoglobal Energy, which drilled a total of four wells at the site and had a well test with flow equivalent to 12 MWe [32] , but this concession was later transferred to Mighty River Power, which announced its intention in Dec. 2014 to sell this asset. The only project that appears to be advancing is the Cerro Pabellón project (Pampa Apacheta), where ENEL Green Power and ENAP have announced plans in July 2015 to move forward with a 48 MWe development. The lack of significant progress after more than a decade of active geothermal exploration in Chile may result from many of the barriers to geothermal development discussed in the following section.
A detailed and updated description of geothermal resources in Chile and South America can be found in [32, 33] .
Perceived advantages, barriers and incentives for geothermal development
To identify, rank and analyze the main perceived advantages, barriers and incentive for geothermal development of geothermal development in Chile, we created a standardized questionnaire with a list of 58 advantages, barriers and incentives to be ranked (details in [34] ). The questionnaire is based on a literature review of geothermal policy studies, including [9] [10] [11] [12] [35] [36] [37] [38] . Each person interviewed rated the advantages, barriers and incentives on a scale of 1.0 (irrelevant) through 5.0 (very important). We also analyzed the barriers and incentives not included in the questionnaire but repeatedly mentioned by the respondents. More than 30 participants in the Chilean geothermal sector were interviewed. These individuals were grouped into three categories: government, industry, and academia/other. Tables 3 and 4 summarize the results of the survey and the potential policy solutions, which are discussed in the next subsections. 
Advantages of exploiting geothermal resources in Chile
Results in Table 3 indicate how participants in each of the three sectors perceive the strengths of geothermal development in Chile. On average, geothermal energy's most significant perceived advantages were identified as its high capacity factor, its domestic availability, and its abundance, which are directly related to increasing energy security and independence. Contrasting with other countries' experiences, cost was considered a disadvantage to geothermal development in Chile. With insufficient government financial support and a framework that allows for higher degrees of uncertainty in the sector, a majority perceived the cost at which geothermal energy could be produced in Chile to be a significant challenge.
Barriers and incentives for geothermal development

Financial and economic barriers
(a) The cost for geothermal exploration in Chile is higher than in other countries and therefore despite the worldwide favorable and competitive cost for geothermal energy, proving a resource's viability is both expensive and risky in Chile. Therefore, few investors are willing to assume this risk in an unproven market and may require some level of additional assistance, but the Chilean government does not offer financial incentives (yet); (b) There are only two firms available that provide necessary exploration drilling equipment, but they charge very high prices for their services; (c) Many geothermal resources are in remote areas and there is a lack of access to the existing electrical grid.
Although all the stakeholders (industry, academia, government) agree on the relevance of the risk of the investment as a barrier, there is partial disagreement on possible solutions (Table 4) . On average, those interviewed from industry and academia think that subsidizing failed wells in exploration stage, and providing feed-in tariffs (price guarantees) for geothermal energy and increased tax benefits for geothermal developers would be strong incentives. In contrast, government respondents only agreed with the benefits of subsidizing failed wells. A potential carbon tax received low ratings from both government and industry while those in academia rated a carbon tax as a stronger option. Most of the interviewed agreed that the scarcity of drilling rigs and crews results in very high drilling costs and hinders geothermal exploration. However, only the government and academia respondents perceived that providing financial incentives to attract more service providers to the market to support its technical needs would be a strong incentive. The remoteness of some geothermal resources and the associated problems to access the electrical grid is considered a strong barrier. In that sense, any steps taken that would ensure the construction of necessary transmission lines and infrastructure were viewed as very valuable.
Legal/regulatory barriers
(a) The existing regulatory framework has allowed many speculators to obtain geothermal concessions, thus delaying the Moreover, the lack of 'baseline' studies could lead to the mistaken conclusion that natural changes in the dynamic thermal features could be attributed to exploration/exploitation activities. Initiating environmental impact studies at the start of exploration activities also provides geothermal developers with an opportunity to engage with the local community. Most of these issues have been identified in other countries (e.g., USA; [39, 40] ), but after years of geothermal energy production, nations have made more user-friendly regulatory environments for development [9] . Those interviewed in industry and academia found the current legal and regulatory framework in Chile to be inadequate and felt the government could improve it on both national and regional levels. However, this barrier is surprisingly undervalued by the government respondents, who seem to perceive that existing regulations are perfectly clear. The ambiguity concerning the potential sharing of a single reservoir by many companies is considered a strong barrier for all stakeholders. Many interviewees from industry felt that the technical evaluation conducted during the bidding processes was insufficient due to the scarcity of qualified staff, resulting in the granting of concessions to speculators. Also, the industry seems to be heavily concerned about delays related to the environmental impact assessment system and the inflexibility of the duration and areal dimensions of the concession.
Respondents provided several suggestions on how the government could improve the concession application and environmental review processes, including: (1) requirement of technical expertise for concession applicants: to avoid granting concessions to speculators; improve the technical and professional evaluation mechanism in the geothermal concession approval process. For that it would be necessary to re-evaluate the law and describe in greater detail the technical requirements developers must meet to receive a concession; (2) The flexibility of the concession: increase the two-year period for exploration concessions located in areas with extreme climates and in environmentally or culturally sensitive areas, where additional time may also be necessary to appropriately address concerns from local communities; (3) Environmental impact studies: revaluate both the standards of these evaluations and the personnel who are responsible for doing these studies for geothermal projects. Environmental impact studies should start at the beginning of the exploratory phase; (4) Incorporation of the spirit of International Labor Organization Convention (ILO) 169 "The Indigenous and Tribal Peoples Convention" into Geothermal Law 19.657 which was ratified by Chile in 2008. Increasing the clarity about indigenous issues and rights in Chile's legal and institutional framework might decrease the high level of uncertainty and risk in the geothermal sector. The example of tribal-industry partnerships formed for many geothermal projects in New Zealand might be considered [41] .
Institutional barriers
(a) There is a general lack of direction within the government with regards to geothermal resources; (b) Some government institutions are out of synchronization on geothermal issues; (c) Some concessions are granted only after a lengthy approval process, long beyond the period noted in the Geothermal Law. The reason is that there are few geothermal professionals working in government, and these experts are widely scattered.
Those interviewed in industry and academia, on average, find that there is a lack of direction in the national energy policy, which is a relevant barrier for development. They also consider that there are not enough human resources dedicated to geothermal regulation/promotion in government institutions and that this might cause delays in obtaining approval for granting concessions. Government respondents indicated that these barriers are irrelevant or non-existent. However, there was a consensus among all those interviewed that a clear vision of the role that geothermal energy will play in Chile's future energy mix is required. The proposal of providing additional human or technical resources to ensure that concessions are granted in a shorter period of time was highly valued by industry and academia, but not by those from government. The industry and academic respondents indicated that geothermal management and regulation activities should be consolidated in one government office and sufficiently staffed with professionals who are knowledgeable about geothermal projects.
Educational, information, and social barriers
(a) Only a few universities in Chile have academic programs associated with geothermal energy and these existing research centers were recently created, and thus do not have a long history of working with industrial partners; (b) Much data about exploration and resources remains in the hands of private companies, restricting the findings of research institutions; (c) Due to lack of education and outreach, communities may consider geothermal exploration/exploitation as a threat [42] .
Those interviewed in government and academia considered that both the lack of research centers and the limited access to information are strong barriers. On the other hand, those from industry considered that neither of these barriers is relevant. Government and academic respondents indicated that one way to increase the diffusion of knowledge on geothermal systems in Chile would be to have government research institutions engage in their own research projects and to require companies to provide the results of their exploration activities if a concession is Table 3 Results of the valuation for advantages of geothermal energy by the Industry (I), Government (G) and Academia/Other (A/O) and the Average of All Groups (Avg) with a scale from 1 (important) to 5 (important). Speculation. The regulatory framework has allowed that many speculators obtain geothermal concessions, delaying largely the development of interesting prospects.
OQR-6
Consider technical criteria and a company's project history in geothermal concession granting process
OQR-6 Med
Lack of clear and comprehensive legal framework to regulate disputes between geothermal developer and other persons who own the rights to other resources within the concession 
OQR-4 Low
Concessions for one resource may be granted to more than one company 4.4 4.3 4.0 4.2 Grant concessions in a manner that assures that one specific geothermal resource is not divided in many companies.
4.4 4 4.3 High
Environmental impact studies are not uniform and create project delays OQR-8 Train evaluators to assess the unique nature of geothermal projects. Require impact studies prior to exploration for 'baseline' environmental conditions.
OQR-8 Low
Inflexible concession requirements on length and dimensions OQR-8 Extend period of concession by the unique environmental and/or climate conditions and adjust the shape of the concession according to the needs e.g. those along the border.
Environmental Impact Studies Are Not Uniform and Create Project Delays. Those who conduct and evaluate the studies are often not geothermal experts.
OQR-8
Train evaluators to assess the unique nature of geothermal projects. Require impact studies prior to exploration for 'baseline' environmental conditions. Communities may perceive geothermal exploration/exploitation as a threat to existing economic, environmental, and social conditions. Create public awareness campaign to effectively demonstrate potential environmental, economic, and social benefits of geothermal energy production.
OQR-8 Low
OQR-13 High
abandoned or if a concession for exploitation is granted. In contrast, people from industry are not keen to share their data with research centers and do not think these would be strong incentives. Most of the industry responses indicated that there was little incentive for them to provide their exploration results in exchange for financial assistance from the state. These responses might reflect a perception that industry does not need to interact with either academic or governmental research institutions and might explain the lack of interest on the part of industry to develop research programs in collaboration with academic institutions. This point of view precludes international experience showing the good results of partnership between industry and university/government research efforts [9] . Most of those interviewed indicated that public opinion may view geothermal exploration/exploitation as a threat, and that this could pose a strong barrier to geothermal resource development efforts. Many respondents considered that a public awareness campaign to demonstrate the potential economic, environmental and social benefits of geothermal energy would be strongly positive. The industry was the only stakeholder that considered a framework for economic and social development in communities near geothermal projects would not be a strong incentive. Moreover, industry is not keen to develop geothermal direct use projects to benefit communities living nearby geothermal fields.
Geothermal economics in Chile
Chile is a country with many energy resources (geothermal, solar, wind and hydro-power), but imports 89% of fossil fuels consumed, affecting the security of electric energy supply as revealed in 2004 by the supply shortfall of low cost Argentinean gas [5, 43] . Additionally, fossil fuels have significant negative effects on the health and welfare of society and the environment [44, 45] . The historic reliance on large hydropower plants makes the electric system vulnerable to disruptions driven by drought, as has occurred in recent decades [4] . In this context, geothermal generation represents a particularly interesting and potentially competitive opportunity.
Having looked at the main perceived barriers to geothermal development in the previous chapter, this economic chapter very briefly reviews: (1) Chilean electricity market and support mechanisms; (2) Chilean geothermal economics and potential 'economic incentives'; (3) Modelling of costs and 'stylized policy impacts'. The costs of geothermal are modelled with a simplistic, stylized model, which nevertheless seems to support the present 'market situation' that geothermal in Chile seems 'near-but-notfully-economic' yet. More detailed analysis is recommended and planned for the future.
Chilean electricity market and support mechanisms
Chile pioneered electricity market liberalization in the 1980s. It has changed in part over the years, but maintained its main design features (details in [46] [47] [48] ) including: (1) two main transmission grids: SIC in Central-Southern Chile and SING in Northern Chile; (2) independent, private electricity generators; (3) centralized dispatch (including optimal long-term hydropower operationmodelling); (4) a generator-only wholesale market to 'trade' short-term differences and (5) long-term contracts with large users (especially mining companies) and regulated distributors (who on-sell to smaller end-users). Average 2010-2014 contract prices for regulated customers in SIC were US$ 82.6/MWh with future contract prices varying from US$ 93 to $125/MWh [49] .
Geothermal power, as a low-carbon-emission, renewable resource, can often derive additional income from other sources.
For example, Non-Conventional Renewable Energy credits (NCREcredits) and Kyoto/Clean Development Mechanism (CDM) credits are both applicable in Chile. Whereas the latter provided a valuable source of income for some wind energy projects in Chile in the past, recent stagnation of international climate change treaty negotiations has meant that these credits have little value at present. Chile has chosen to focus its renewable policies on diversifying the electricity supply matrix by setting minimum standards for NCREs in generation-portfolios (a quota scheme based on a percentage of energy supplies plus a fine in the case of non-compliance) and opening an informal market for trading in NCRE-credits between generators (comparable to RPS and 'white certificate trading' in other jurisdictions). Initially the NCRE-% was set at 5% with linear growth to 10% in 2020; this target has been systematically met with new biomass, mini-hydro, and wind energy projects. The observed NCREcredits among generators were effectively capped by the 'noncompliance fine' of US$25/MWh. Last year a new law was passed (Short Law 20, 698 , also called Law 20/25) which increases the NCREtarget to 20% in 2025. As the law is phased in, the expectation is that NCRE prices will start rising.
Chile geothermal economics and policy incentives
Geothermal projects and power development costs vary around the world depending on resource temperature and pressure, reservoir depth and permeability, fluid chemistry, location, drilling market, size of development, number and type of plants (dry steam, flash, binary or hybrid) used, and whether the project is a greenfield or a brownfield/expansion. New geothermal plant generation costs can therefore vary significantly, from US$ 50-70/MWh (for brownfield expansions in New Zealand [50] ) to US$ 120/MWh in USA for greenfield development and to US$ 200/MWh in Europe, for deep, low-medium temperature projects [51] . As Chile has not developed any geothermal power projects yet, estimation of Chilean geothermal costs needs some understanding and extrapolation. A few recently explored and licensed geothermal prospects, and comparison with international geothermal project economics can give some insights into the most significant cost factors and why these seem to be higher in Chile (details in [46] ).
Capital costs
a) Geothermal exploration and drilling is not the highest cost (normally tens of millions for production well diameter exploration drilling), but is often seen as the most risky part of geothermal development. Chile's geothermal resources are often remote and at high altitude (e.g., [52] ), and the costs of drilling and associated infrastructure are therefore estimated to be a factor of 2 higher than the international average. This is exacerbated by the fact that there are few permanent geothermal drilling rigs in the country, driving up drill rig mobilization costs and lowering competition. There might be a strong chicken-vs-egg effect between the low geothermal drilling activity, high costs and the lack of a critical mass for drilling companies to decide to permanently base geothermal drilling rigs in Chile. b) Geothermal power plant and transmission investment decisions are made after exploration, by a time that risks should have been brought down and power plant construction and operation should be 'relatively straightforward'. Still some of the remote, rugged country and high-altitude operation conditions in The Andes (Fig. 2 ) might provide engineering design and execution challenges, which are likely to drive up costs. Another significant investment cost factor could be transmission investments: most geothermal sites in Chile are remote from demand and main transmission lines. Under the Chilean market rules, individual projects are themselves responsible for connection to the main transmission line and associated investments. Geothermal projects -which are initially small (ranging 50 to 75 MWe) can often be 75 km or more away from the nearest transmission line. However, commonly there are opportunities in the area for other NCRE projects (such as small-hydro and solar) and successful geothermal projects are expected to expand in the future, providing for the possibility of different projects partnering on shared transmission facilities.
Therefore, government policies could assist in bringing down capital costs, e.g., sharing of transmission investment, 'pooling' of drilling equipment, and other costly exploration activities (e.g., geophysics).
Risks and discount rates
Apart from the capital costs themselves, one of the main factors affecting the economics of geothermal generation is the discount rate (or Weighted Average Costs of Capital). Low-risk brownfield expansions in countries with existing geothermal experience like New Zealand develop relatively low cost geothermal power. In a country like Chile, where companies have to invest in risky greenfield projects in a market unfamiliar with such projects, risks -and therefore required discount rates (WACC) -are expected to be considerably higher. Government policy options could be around drilling insurance, co-investments, enhanced depreciation and other financial instruments.
Renewable portfolio standards
Chile has recently strengthened its '20/25' NCRE-law, which is likely to lead to steadily rising incentives for renewable sources of energy. Proposed use of government-tendering for long-term NCRE-credit contracts would not necessarily increase the price, but would add long-term price certainty, which could be seen as a risk-reducing instrument that could help geothermal projects significantly by allowing better access to financing mechanisms.
Levelized costs of geothermal energy and policy incentives
To estimate geothermal cost variations and illustrate the potential effect of government interventions, the authors have used a simple LCoE-model (details in [46, 47] ). Levelized Costs Of Energy (LCoE) is a concept to calculate the total life cycle costs of a plant (investment, fuel, O&M), discount these back to a common base year, and divide by the total generation to come to average long-run costs per MWh (e.g., [53] [54] [55] ). This type of tool can be used to both study cost sensitivities and to analyze the potential impact of policies. a) Capital costs: a base case investment cost of US$ 4500/kWe installed geothermal capacity is used with a 710% range for capital cost variation and policy sensitivity. This value is based on the investment cost reported for the environmental assessment of the Tolhuaca (US$ 4714/kWe for 70 MW) and Cerro Pabellón/Pampa Apacheta (US$ 3600/kWe for 50 MW) projects. b) Risks and discount rates: a base case of 12% (real) discount rate is used with a range from 9% to 15% for risk variation and policy sensitivity. c) NCRE credits: a base case of US$ 10/MWh is used, with a range from 0 to US$ 25 per MWh.
The results of the LCoE analysis in Fig. 3 are compared to an average contract price in SIC (ASCP) of US$ 82.6 per MWh. At present (with estimated base factors of US$ 4500/kWe, a 12% discount rate, and NCRE credits at US$10/MWh), geothermal power costs seem 'near-competitive' (US$ 94.91/MWh without NCRE credits; US$ 84.91/MWh with NCRE credits). The three policy incentive/sensitivity scenarios illustrate that government policies can have a significant impact on geothermal economics. More detailed analysis would be needed to calculate the exact effect of different policy measures.
Guidelines for geothermal stakeholders
Based on a holistic analysis and considering the perceived barriers and incentives we recommend that stakeholders engage in the following short and long-term actions to realize the true benefits of Chile's geothermal resources:
7.1. Policy makers (government agencies and congress)
1. Provide a vision or plan for geothermal development. Support this plan with more active communication with developers and by employing an increased number of geothermal experts in government institutions to more effectively support sector regulation and development. 2. Reduce the financial risk in geothermal development. In the short term, options could be to subsidize unsuccessful wells in the pre-feasibility stage (higher subsidies for unsuccessful wells in the first attempt, decreasing for further attempts) as it has been successfully applied in Italy, Iceland, New Zealand and the Philippines (e.g. [9, 11, 36] ). After the implementation of common agreement incentives, assess in detail the effect of other economic and regulatory incentives to define priorities. 3. Engage in a national geothermal resource assessment supported by new geological, geochemical, and geophysical data (heat flow, resistivity, geochemistry of fluids, etc.). Evaluate resources on economic, social, and environmental terms. 4. Revise and improve the geothermal concession law to solve legal issues (e.g., one reservoir split in two concessions), to account for local community needs, to clarify environmental impact study requirements, and to consider the unique environmental and/or social issues that impact geothermal development in certain regions of the country. 5. Revaluate the current concession granting process to find ways to make it more comprehensive by including both technical and environmental evaluations. At the same time, the process will need to be streamlined. 6. Provide more long-term support for research and development initiatives. Create an institutional framework in which geothermal information can be shared between industry, government, and universities. This research could lead to reduced exploration risk through improved targeting of exploration wells. 7. Carefully consider the location of geothermal resources and projects in any future government initiatives related to energy transmission, and encourage collaboration with other renewable energy projects. 8. Consider other support mechanisms, like exploration equipment pooling, transmission support and enhanced NCREmechanisms.
Geothermal companies
1. Participate in cooperative initiatives and common goals with government institutions -particularly in terms of sharing information, research, and needs. 2. Create industry-wide standards for interacting with local communities near project sites; including consulting local inhabitants before initial activities and conducting baseline assessment of natural variations in geothermal systems. 3. Initiate local development projects related to direct uses of geothermal resources (e.g., greenhouses, district heating, aquaculture, food & wood dryers) and/or create community foundations to ensure local inhabitants who may be affected by development are compensated and have a stake in the success of the project. 4. Develop ways to lower the cost of drilling through the development of in-country infrastructure to support the Chilean geothermal industry, where multiple drilling rigs would be available for conducting exploration and development of geothermal resources.
Universities and research institutions
1. Create study programs that provide students with the technical capacity to work in the geothermal sector. Also, increase outreach activities to educate society about geothermal energy. 2. Develop an Andean geothermal system model as well as research in technological development. Adapt existing technologies to Andean conditions (e.g., high altitude, water scarcity). 3. Engage in a public awareness campaign to ensure that citizens understand the benefits and nature of geothermal projects. 4. Engage both government and industry to expand sharing of geothermal resource information and act as a platform for communication and exchanges between all groups. 5. Support and advise policymakers on the creation of financial incentives and in the update of geothermal regulations.
Conclusions
The Andes is the largest unexploited geothermal region in the world. With few local fossil resources, but a vast geothermal potential (varyingly estimated from 3000-16,000 MWe), geothermal energy can contribute to the development of a secure and sustainable electricity matrix in Chile. In spite of Chile having been at the forefront of Latin America geothermal exploration activities for decades, still no geothermal power plants have been constructed. This article is based on a detailed analysis and interviews with geothermal stakeholders to review the reasons and barriers for the slow progress. An initial, simplified economic impact analysis of these barriers and potential policies to relieve these barriers was presented. Considering that the rest of the Andean countries are even less explored and that most of them have a nascent institutional framework for geothermal energy, some lessons could potentially be learnt from the presented analysis on Chile.
Our historical analysis indicates that the progress of geothermal exploration in Chile has been strongly influenced by the existence or absence of public policies. Thus, to promote geothermal development, a clear policy framework has to be developed. Based on the nature of geothermal systems we identified three contrasting geothermal regions in Chile. Therefore, when planning exploration and exploitation strategies, the geological, technical and social differences for these regions should be considered.
The main perceived advantages of geothermal energy by industry, government and academia are the source's high capacity factor and its relative abundance in the country. Both of these factors potentially augment energy security. The main perceived barriers are related to (1) the absence of clear policies and qualified staff in government institutions to manage geothermal development; (2) lack of incentives for companies to overcome financial risk in an unproven market; (3) complicated local, provincial, and national regulations; (4) high costs of conducting exploration and development drilling and (5) high cost of constructing transmission lines. At present conditions and without incentives we estimate a base case LCoE of geothermal in Chile around US$ 94.91/MWh, which would be "near competitive" compared to the average contract price for the main grid (US$ 82.6/MWh). The government policies could have a significant impact in decreasing such LCoE.
We propose several actions to overcome barriers for the different stakeholders for Chilean case. Some of these actions are fundamental to achieve the future projections for the development of geothermal energy in Chile. Therefore policy makers will need to determine the value of geothermal in the nation's future energy mix as a clean, secure and domestic energy source.
A follow-up for the article is being discussed with representatives of the Chilean government, leading to a more detailed economic analysis (including a multi-stage LCoE-model and multiple policy options) to explore the various policy options and their impacts further.
